In this study, fragments of the small capsid protein pUL35 (VP26) from herpes simplex virus type 1 (HSV-1) were generated to identify binding domains for a number of known ligands. Analysis of the binding of dynein light chain subunits, DYNLT1 and DYNLT3, as well the HSV-1 structural proteins pUL19 (VP5) and pUL37 was then undertaken using the LexA yeast two-hybrid assay. The N-terminal half of pUL35, in particular residues 30-43, was identified as a common region for the binding of DYNLT1 and DYNLT3. Additional distinct regions in the C terminus of pUL35 also contribute to the binding of DYNLT1 and DYNLT3. In contrast, only the C-terminal half of pUL35 was found to mediate the binding of pUL19 and pUL37 through distinct regions. The relevance of this information to the role of pUL35 in viral transport and assembly is discussed.
The herpes simplex virion has four components: the dsDNA genome (152 kb), the capsid, the tegument and an outer envelope containing glycoproteins (Kelly et al., 2009; Roizman et al., 2007) . The icosahedral viral DNAcontaining C capsid consists mainly of four components including pUL19 (VP5), pUL18 (VP23), pUL38 (VP19C) and pUL35 (VP26) (Roizman et al., 2007) . The major capsid protein, pUL19, forms 150 hexons and 11 pentons within the capsid. Six copies of the small capsid protein, pUL35, interact specifically with the tip of pUL19 hexons (Zhou et al., 1995 (Zhou et al., , 2000 . The precise role of pUL35 in viral replication has not been fully defined. Deletion of the gene encoding pUL35 has highlighted that it is nonessential for either the assembly of herpes simplex virus type 1 (HSV-1) capsids (Chen et al., 2001) nor the replication of HSV-1 in cell lines (Chen et al., 2001; Desai et al., 1998) . Although deletion or tagging of pUL35 with GFP does result in impaired growth of both HSV-1 and the related pseudorabies virus (PrV) in cell lines and in a mouse model (Antinone et al., 2006; Desai et al., 1998; Dohner et al., 2006; Krautwald et al., 2008) . In contrast, the human and mouse cytomegalovirus homologues of pUL35 are essential for viral growth (Borst et al., 2001) . Furthermore, the equivalent in Kaposi's sarcomaassociated herpesvirus is essential for capsid assembly (Perkins et al., 2008) .
Previously, we identified a role for HSV-1 pUL35 in retrograde transport of the capsid to the nuclear membrane during entry (Douglas et al., 2004) . This was based on an identified interaction between pUL35 and the homologous light chain subunits of the cellular molecular motor dynein, dynein light chain Tctex1 (DYNLT1) and dynein light chain rp3 (DYNLT3) (Douglas et al., 2004) . Subsequently, deletion of HSV-1 or PrV pUL35 was shown to have no effect on the retrograde transport of the capsid (Antinone et al., 2006; Dohner et al., 2006) . Whether the pUL35-dynein interaction is redundant in retrograde transport during entry or plays a role during egress requires further investigation. A role for pUL35 during egress either in anterograde transport or addition of tegument to the capsid has been suggested (Krautwald et al., 2008) . pUL35 also interacts with the upper domain (UD) of the major capsid protein pUL19 (Bowman et al., 2003; Zhou et al., 1995) . The interaction of pUL35 with capsid has been mapped to the C-terminal half of pUL35 (Desai et al., 2003) . Both a direct interaction, determined with a yeast two-hybrid (Y2H) assay (Lee et al., 2008) , and a threedimensional model of pUL35 interacting with pUL19UD (Baker et al., 2006) have been reported. In addition, an interaction between pUL35 and the tegument protein pUL37, based on the Y2H assay, has been described for both HSV-1 (Lee et al., 2008) and varicella-zoster virus (Uetz et al., 2006) . This interaction has been shown to have a minor role in the addition of pUL37 to HSV-1 C capsids (Ko et al., 2010) .
HSV-1 pUL35 consists of 112 aa with multiple secondary structure prediction, suggesting the presence of two ahelical regions at aa 13-31 and 42-72 (Baker et al., 2006) . On the basis of the three-dimensional modelling each of these regions may be further divided into two smaller ahelices (Baker et al., 2006) . To delineate possible binding domains within pUL35 a series of N-and C-terminal truncations were generated as bait fusion constructs and tested in the LexA Y2H assay (Diefenbach et al., 2002) for binding to a number of target fusion constructs of known cellular, DYNLT1 and DYNLT3 (Douglas et al., 2004) , and viral, pUL19 and pUL37 (Baker et al., 2006; Lee et al., 2008; Vittone et al., 2005) , ligands (Fig. 1a) . All DNA fragments were amplified by PCR using Phusion high-fidelity DNA polymerase (NEB). DNA fragments encoding pUL35 aa 1-30, 1-52, 1-57, 1-60, 1-64, 1-77, 13-112, 30-112, 36-112, 44-112, 53-112 and 60-112 were generated from displayBait/pUL35 1-112 (Douglas et al., 2004) using 59 primers that contained an EcoRI site and 39 primers that contained a stop codon and an XhoI site. The pUL35 PCR products were then cloned between the EcoRI and XhoI sites of displayBait (Display Biosystems Biotech). The expression constructs displayTarget DYNLT1, DYNLT3, pUL19UD and pUL37 have been described previously (Douglas et al., 2004; Lee et al., 2008; Vittone et al., 2005) . For detection of expression in yeast (Fig. 1b ), proteins were separated by SDS-PAGE and immunoblots were processed as described previously (Vittone et al., 2005) . The primary antibody used to detect expression of Y2H bait fusions was a rabbit polyclonal antibody against LexA (1 : 500 dilution; Sigma). The secondary antibody used for detection was a goat anti-rabbit IRDye 800-conjugated IgG (1 : 5000 dilution; Licor). From the Y2H assay, for each ligand tested, the quantitative b-galactosidase activity (Diefenbach et al., 2002) was then normalized relative to the binding determined for full-length pUL35 (Fig. 2) .
A number of observations were apparent from the Y2H analysis. Firstly, a number of pUL35 fragments, including 1-30, 1-52, 1-57, 1-60, 36-112, 53-112 and 60-112, were found to markedly decrease the binding of all of the ligands tested (Figs 1a and 2 ). This suggests that some or all of these truncations compromised the correct folding of the remaining fragment of pUL35. This would probably be the case for pUL35 1-52, 1-57, 1-60, 53-112 and 60-112 that truncate the predicted a-helical region encompassing residues 42-72 (Fig. 2) . This would also explain the observed reduction in binding to all ligands when 6 aa (positions 30-35) are deleted from HSV-1 pUL35 (Fig. 2) . Within this region of pUL35, only residue N30 has a high level of conservation when compared with other Alphaherpesvirinae subfamily members. This likely misfolding appears to be alleviated via an additional deletion of pUL35 aa 36-44, which restores the binding of three out of the four ligands tested (Fig. 2 ).
In the case of DYNLT1, truncation of the first 12 aa in pUL35 13-112 specifically decreased the binding of DYNLT1 in the Y2H assay (Figs 1a and 2 ). Further truncation of the N terminus of pUL35 from aa 30-43 (compare 30-112 with 44-112) produced a further decrease in the binding of DYNLT1 and also reduced the binding of DYNLT3 (Figs 1a and 2) . The C-terminal truncation pUL35 1-77 significantly reduced the binding of DYNLT3 (Figs 1a and 2) , while removal of an additional 13 residues, pUL35 1-64, also significantly decreased the binding of DYNLT1 (Figs 1a and 2) . Therefore, pUL35 residues 1-12, 30-43 and 65-77 are probably major determinants for the binding of DYNLT1 and residues 30-43 and 78-112 are probably major determinants for the binding of DYNLT3 (Fig. 3) . In the case of pUL19UD (aa 451-1054), the reductions in binding of pUL35 observed in the Y2H assay were mostly nonspecific and probably reflect misfolding of the truncated pUL35. However, some specific decrease in the binding of pUL19UD was observed for pUL35 1-77 (Figs 1a and 2) , suggesting some contribution from pUL35 residues 78-112 as previously reported in a site-directed mutagenesis study (Desai et al., 2003) . Furthermore, the C-terminal truncation pUL35 1-64 produced a very significant decrease in binding of pUL19UD when compared with pUL35 1-77 (Figs 1a and  2 ). This indicates that pUL35 residues 65-77 probably form the major determinant for the binding of pUL19UD (Fig. 3) . Finally, in the case of pUL37, binding in the Y2H assay was essentially abrogated by truncation of aa 78-112 in pUL35 1-77 (Figs 1a and 2 ). Some decrease in binding of pUL37 was also observed for pUL35 30-112 (Figs 1a and 2) , suggesting some minor contribution from pUL35 residues 13-29. These results indicate that pUL35 residues 78-112 probably form the major determinant for the binding of pUL37 (Fig. 3) .
Expression of each bait pUL35 fusion construct relative to bait pUL35 full-length (1-112) was also confirmed (Fig.  1b) . The multiple bands observed in some cases were due to proteolysis (Fig. 1b) . The expression levels of pUL35 fragments 1-30, 1-52, 1-60 and 53-112 were all found to be reduced relative to 1-112. This may have contributed to a significant reduction in binding observed for these fragments (Figs 1a and 2 ). The expression of target DYNLT1, DYNLT3, pUL19UD and pUL37 in yeast has been described previously (Douglas et al., 2004; Lee et al., 2008; Vittone et al., 2005 ).
The precise role of the HSV-1 small capsid protein pUL35 in viral replication is not clear although it is known to be nonessential for replication, at least in cell lines (Desai et al., 1998) . Recent work with PrV suggests that pUL35 may have a role in viral egress (Krautwald et al., 2008) . pUL35 is known to interact with the UD of the major capsid protein pUL19 and this interaction is specific to pUL19 capsid hexons (Bowman et al., 2003; Zhou et al., 1995) . Association of pUL35 with the major capsid protein pUL19 and scaffolding protein appears to be a prerequisite for import to the site of final capsid assembly within the nucleus (Rixon et al., 1996) . -112 ) with the positions of the predicted a-helical domains shown above (Baker et al., 2006) . The relative binding affinity of dynein light chains DYNLT1 and DYNLT3, along with HSV-1 capsid protein pUL19 upper domain (UD) and HSV-1 tegument protein pUL37, to the various pUL35 fragments are also indicated. For each ligand tested, the relative binding affinity was determined by normalizing the quantitative LexA Y2H b-galactosidase activity values, with respect to full-length pUL35. The symbols used are as follows: ++++ (75-110 %); +++ (50-74 %); ++ (25-49 %); +(6-24 %); and " (¡5 %). Fig. 3 . Summary of the binding domains for DYNLT1, DYNLT3, pUL19UD and pUL37 within HSV-1 pUL35 determined in the current study. The positions of the predicted a-helical domains (aa 13-31 and 42-72) of full-length pUL35 (aa 1-112) are highlighted.
The three-dimensional structure of pUL19UD has been reported (Bowman et al., 2003) , but to date there is no high resolution structure available for pUL35 partly due to the problems with the solubility of pUL35 in the absence of other capsid proteins (Wingfield et al., 1997) . A combination of electron cryomicroscopy (cryo-EM) (Zhou et al., 1995) , ab initio modelling (Baker et al., 2006) , site-directed mutagenesis (Desai et al., 2003) , Y2H (Lee et al., 2008) and threedimensional structure determination of pUL19UD (Bowman et al., 2003) has helped to unravel the nature of the interaction of pUL35 with pUL19.
In this study, we sought to identify binding domains within HSV-1 pUL35, using a series of N-and C-terminal truncations of pUL35 coupled with a Y2H assay, to aid in further defining the role of this capsid protein in viral replication (Fig. 3) . We were able to confirm previous reports that the C-terminal half of pUL35 is required for interaction with pUL19UD (Baker et al., 2006; Desai et al., 2003) . Our evidence points to pUL35 residues 65-77, which incorporate part of the second predicted a-helical region within pUL35 (Fig. 3) , as a major contributor to the binding of pUL19UD. Previous site-directed mutagenesis (Desai et al., 2003) and modelling (Baker et al., 2006) suggested the adjacent pUL35 residues 78-80 as crucial for this interaction. We did observe some decrease in the interaction of pUL35 and pUL19D upon removal of pUL35 residues 78-112, but the reason for the apparent discrepancy is not clear. Future studies to resolve this would involve making the same documented pUL35 point mutations (Desai et al., 2003) and testing them in our Y2H assay.
Based on the Y2H truncation analysis, the interaction site for the essential HSV-1 tegument protein pUL37 was found to map to pUL35 residues 78-112 (Fig. 3) . This corresponds to the predicted non-helical region of pUL35 and is distinct from the pUL19UD-binding domain (Fig.  3) . The role of the interaction of pUL35 with pUL37, although non-essential, may be to contribute to the addition of the inner tegument layer to the capsid during assembly (Mettenleiter et al., 2009) . Therefore, pUL35 may act as one link between the capsid and tegument. Although cryo-EM analysis of mature virions did not reveal evidence for tegument proteins associated with pUL35 on hexons (Zhou et al., 1999) , the relatively small decrease in pUL37 interaction with pUL35 minus capsids (Ko et al., 2010) suggests that few of the potential binding sites on the capsid may be occupied. Deletion of HSV-1 pUL35 does reduce interaction of pUL37 with capsids (Ko et al., 2010) and this may contribute to the phenotype reported when the gene encoding pUL35 is deleted in either PrV (Krautwald et al., 2008) or HSV-1 (Desai et al., 1998) .
Analysis of the binding of the homologous dynein light chains, DYNLT1 and DYNLT3, which share~50 % similarity and are mutually exclusive subunits of the dynein complex (Pfister et al., 2006) , indicate there are similarities and differences in the way they engage pUL35. Based on the Y2H truncation analysis, the interaction of DYNLT1 appears to occur through a number of pUL35 regions including residues 1-12, 30-43 and 65-77 (Fig. 3) . In the case of DYNLT3, binding appears to depend upon pUL35 residues 30-43 and 78-112 (Fig. 3) . The common binding region in pUL35 for dynein light chains, residues 30-43, corresponds to a non-helical region of low conservation (Baker et al., 2006) .
Based on the putative binding domains identified by Y2H truncation analysis it is possible that pUL35, which is normally associated with pUL19UD as part of the HSV-1 capsid, could simultaneously engage pUL37 and either DYNLT1 or DYNLT3. Additional site-directed changes of individual amino acids in the context of full-length pUL35, which focus on the binding domains identified in this study, is required prior to ascertaining the biological relevance of our findings. This would then necessitate using appropriate functional assays in the context of a HSV-1 infection in a similar manner to that described previously for the interaction of pUL35 mutants with HSV-1 capsids (Desai et al., 2003) .
